Abstract-The small body of previous work considering the design of wind farms has used arrays of turbines originally intended to operate alone, optimising the layout of homogeneous turbines essentially as an afterthought in the design process. In this paper, we consider designing wind farms composed of collaborating wind turbines. Computational intelligence is combined with rapid prototyping whereby candidate designs are physically instantiated and evaluated under fan-generated wind conditions. It is shown possible to use surrogate-assisted coevolutionary algorithms to aerodynamically optimise the potentially heterogeneous morphology of an array of 6 small scale and closely positioned vertical-axis wind turbines using the total angular kinetic energy of the array as the objective. This approach performs optimisation in the presence of complex inter-turbine wake effects and multi-directional wind flow from nearby obstacles, which is extremely difficult to achieve accurately under high fidelity computational fluid dynamics simulation. The general approach is equally applicable to the design of other forms of sustainable energy where the characteristics of the environment and/or materials involved are too difficult to accurately simulate.
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I. INTRODUCTION
T O EXTRACT large amounts of wind energy, turbines must be arranged into various arrays comprising a wind farm. However, as the turbines extract the energy from the wind, the energy content decreases and the amount of turbulence increases downstream from each. For example, see Hasager et al. [1] for photographs and explanation of the wellknown wake effect at the Horns Rev offshore wind farm in the North Sea. Due to this, horizontal-axis wind turbines (HAWTs) are typically spaced 3-5 turbine diameters apart in the crosswind direction and 6-10 diameters apart in the downwind direction in order to maintain 90% of the performance of isolated HAWTs [2] . The study of these wake effects is therefore a very complex and important area of research [3] , as is turbine placement [4] .
Thus, "modern wind farms comprised of HAWTs require significant land resources to separate each wind turbine from the adjacent turbine wakes. This aerodynamic constraint limits the amount of power that can be extracted from a given wind farm footprint. The resulting inefficiency of HAWT farms is currently compensated by using taller wind turbines to access greater wind resources at high altitudes, but this solution comes at the expense of higher engineering costs and greater Digital Object Identifier visual, acoustic, radar and environmental impact" [2] . This has forced wind energy systems away from high energy demand population centres and toward remote locations with higher distribution costs.
An individual vertical-axis wind turbine (VAWT) has a much lower efficiency than a HAWT, where all blades continuously contribute to energy production when directly facing the wind. However, VAWTs do not need to be oriented to wind direction and the spacing constraints of HAWTs often do not apply. VAWT performance can even be increased by the exploitation of inter-turbine flow effects [5] . Additionally, VAWTs can also be easier to manufacture since they have fewer components, may scale more easily, are typically inherently light-weight with little or no noise pollution, and are more able to tolerate extreme weather conditions [6] . This has resulted in a recent expansion of their use in urban environments [7] , where space is limited and turbulent and veering winds rapidly fluctuate [8] ; leading to speculation that VAWT may become the dominant form of wind energy capture within the next 2-3 decades [9] . Generally, two classes of design are currently under investigation and exploitation: Savonius [10] , which has blades attached directly upon the central axis structure; and Darrieus [11] , where the blades, either straight or curved, are positioned predominantly away from the central structure. Hybrids also exist. However, their design space is complex and relatively unexplored.
Arrays of closely spaced VAWTs have long been considered for use as wind power stations [5] , [12] . For example, Charwat [5] observed an improvement in the performance of a pair of closely spaced 'S' shaped VAWT (S-rotors), whether counter or co-rotating, compared with that of a single turbine. More recently, Kinzel et al. [13] performed an experimental field study of an array of 9 pairs of full-scale counter-rotating VAWTs. They found that the wind velocity behind a turbine pair recovers to 95% of the wind velocity upwind after approximately 6 turbine diameters, compared with 4 diameters for the wake behind a single VAWT and 14 diameters for HAWTs. Thus, closely spaced VAWTs can result in an overall reduction in the average inter-turbine spacing as well as increasing individual performance by extracting energy from adjacent wakes and from above the wind farm, potentially leading to a greater power density [2] , which is particularly important for site locations where space is limited or costly.
We have recently presented an initial study [14] , [15] of surrogate-assisted genetic algorithms (SGAs) used to design VAWTs wherein candidate prototypes are evaluated under fangenerated wind conditions after being physically instantiated through additive layer manufacturing-known as 3-D printing. That is, unlike other approaches that use computational fluid dynamics (CFD) simulations, no mathematical formulations are used and no model assumptions are made. Initially, ar-tificial evolution was used to explore the design space of a single isolated VAWT and subsequently a cooperative coevolutionary genetic algorithm (CGA) [16] was applied to explore the design space of a pair of closely spaced VAWTs. Both conventional CGA and surrogate-assisted (SCGA) versions were examined, finding increased aerodynamic performance (rotational speed) in fewer fabrications with surrogate assistance. Novel shapes were seen in both scenarios.
To date, heterogeneity in wind farms has been almost completely unexplored. However, Chamorro et al. [17] recently investigated a variable size HAWT array composed of 3 × 8 model wind turbines where large and small turbines were alternately positioned. They found that size heterogeneity has positive effects on turbulent loading as a result of the larger turbines facing a more uniform turbulence distribution and the smaller turbines operating under lower turbulence levels. The interactions show the possibility that heterogeneity within wind farms has the potential to improve the overall ability to harvest energy. Our initial study [14] observed that VAWT array asymmetry can be more efficient than similar symmetrical designs; for example, the individuals from the fittest SCGA pair after 160 fabrications were duplicated to form homogeneous pairs and the combined rotational speed was found to be lower than the heterogeneous configuration.
By using rapid prototyping to create physical designs for evaluation and optimisation by an evolutionary algorithm (EA) there exists the potential to benefit from access to a richer environment where evolution can exploit subtle interactions that can be utilised in unexpected ways. Humans can be prevented from designing systems that exploit these subtle and complex physical characteristics through their lack of knowledge, however this does not prevent exploitation through artificial evolution. There is thus a real possibility that evolution in hardware may allow the discovery of new physical effects, which can be harnessed for complex engineering design.
The small body of previous work considering the design of wind farms has used arrays of turbines originally intended to operate alone, optimising the wind farm layout-termed micro-siting-as an afterthought in the design process. Our work is the only known work to consider designing arrays of collaborating wind turbines. In this paper, we combine the use of SCGAs and 3-D printing to design the morphology of an array of 6 closely positioned VAWTs using the total angular kinetic energy of the array as fitness. Here we use a representation based on splines that can produce both Savonius and Darrieus type turbines to exploit both drag and lift forces. Although here the focus is on VAWTs, it is important to note that the general approach of artificial intelligent hardware refinement can be applied to the design of HAWT farms and other forms of sustainable energy where the characteristics of the environment and/or materials involved are too complex to accurately simulate.
II. BACKGROUND
Bowden and McAleese [18] found that two closely spaced counter-rotating S-rotors exhibit a natural coupling that occurs through the phase locking of the rotations, however if the rotors could be locked with a relative phase angle of 90
• they would operate at greater efficiency since the pressure waves produced from the returning blade of one S-rotor would deflect the wind into the bucket of the driving blade from the other S-rotor every quarter cycle. Aldos and Najjar [19] also observed that the power output of two counter-rotating S-rotors operating side by side could exceed that when running alone in the air stream. They found that when the driving blades of the two rotors ran in the middle region between the rotors, superior performance was observed when compared with the upwind blades running in the middle region. In addition, it was observed that there is an optimum separation distance between the two rotors at which the maximum power output can be obtained. Rajagopalan et al. [20] analysed the performance of clusters of 2-D VAWT using CFD simulations, finding that the physical positioning of the turbines with respect to each other significantly affects the aerodynamic performance of the turbines and that the average performance of turbines advantageously positioned in arrays can result in superior performance to stand-alone turbines.
More recently, Shigetomi et al. [21] measured the changes in the free rotational speed of two interacting S-rotors, 40 mm diameter, positioned at various distances and alignments with a wind velocity of 4 m/s. The results show that the interaction effects can be positive, neutral, or negative depending on the position, with positive interactions occurring in diagonal layouts. Two types of power-augmenting interactions were noted; one from the Magnus effect that bends the main stream behind the turbine to provide additional rotation of the downstream turbine; and the second from the periodic coupling of local flow between the two turbines.
Sun et al. [22] performed a numerical study on the coupling effects of multiple S-rotors, 1 m diameter, placed in a water current of 2 m/s, finding that when the S-rotors are counterrotated with a relative phase angle of 90
• and the separation distance is between 0.2 and 0.4 turbine diameters, the maximum power coefficient (i.e., the fraction of power extracted from the fluid) of each S-rotor was capable of increasing by 37% compared with the S-rotor running in isolation. However, the performance of two counter-rotated S-rotors was seen to degrade when the separation distance was small and the relative phase angle was less than 90
• , whereas co-rotating rotors did not degrade. With larger separation distances a beneficial interaction was seen to appear in all configurations. It was also found that there is no optimum relative phase angle when the rotors co-rotate.
In our initial experiment [14] with a pair of Savonius VAWT positioned 0.1 diameters adjacently and in perpendicular position to the air flow, the mean combined rotational speed of the final 20 counter-rotating pairs (M = 1760, SD = 206, N = 20) was significantly less than the mean combined rotational speed of the final 20 co-rotating pairs (M = 2048, SD = 95, N = 20) using a two-tailed Mann-Whitney test (U = 17, p ≤ 7.39 × 10 −7 ), showing that co-rotation was found to result in faster combined rotational speed, similar to the results found for small separation distances in the aforementioned work of Sun et al. [22] .
A growing body of work has been exploring techniques to optimise a given wind farm layout. Algorithms used include, genetic algorithms [23] , evolution strategies [24] , ant colony optimisation [25] , Monte Carlo simulation [26] , and principles from fish schooling [27] . See Serrano-González et al. [28] for a recent review of micro-siting techniques. Importantly, all of this work has been based on wake models of varying degrees of fidelity.
Variable-speed wind turbines have also been explored where adjustments to the generator torque can be made to optimise the power coefficient as the wind velocity varies, e.g., Sandia National Laboratories exploration of 34 m VAWTs in the 1980s [29] . More recently, computational intelligence has been used to optimise such controllers [30] .
Akwa et al. [31] have recently presented a review on the performance of Savonius VAWT. They highlight a range of characteristics that significantly affect the performance of an individual turbine, including the aspect ratio, number of blades, blade thickness, 2-D and 3-D blade profile, number of rotor stages, blade overlap and spacing, end plates, twisting/rotation, and the interference of the shaft. Furthermore, they note significant differences among VAWT performance studies. For example, in many wind tunnel tests, the placing of the VAWT in the tunnel causes a blockage effect on the air stream, altering the undisturbed wind velocity. CFD studies have also presented significant differences between results even with identical geometric and flow conditions due to the complexity of performing accurate numerical analysis and most perform only 2-D analysis, e.g., [32] . Different turbulence models can have a dramatic effect on VAWT performance [33] . Moreover, most commercial turbines fail to meet the performance stated by the manufacturers [34] .
Additionally, VAWT surface roughness has also been shown to have an effect where smoothness can degrade performance below a critical wind velocity and increase performance at higher velocities [35] . In this paper, candidate designs are physically instantiated and evaluated in situ.
III. METHODOLOGY
A single 2-stage 2-blade VAWT candidate with end plates is here created as follows. End plates are drawn in the centre of a Cartesian grid with a diameter of 35 mm and thickness of 1 mm. A central shaft 70 mm tall, 1 mm thick, and with a 1 mm hollow diameter is also drawn in the centre of the grid in order to mount the VAWT for testing. The 2-D profile of a single blade on 1 stage is represented using 5 (x, y) coordinates on the Cartesian grid, i.e., 10 genes, x 1 , y 1 , ..., x 5 , y 5 . A spline is drawn from (x 1 , y 1 ) to (x 3 , y 3 ) as a quadratic Bézier curve, with (x 2 , y 2 ) acting as the control point. The process is then repeated from (x 3 , y 3 ) to (x 5 , y 5 ) using (x 4 , y 4 ) as control. The thickness of the spline is a fixed size of 1 mm. The co-ordinates of the 2-D blade profile are only restricted by the plate diameter; that is, the start and end position of the spline can be located anywhere on the plate. To enable z-axis variation, 3 additional co-ordinates (i.e., 6 genes) are used to compute cubic Bézier curves in the xz and yz planes that offset the 2-D profile. The xz-plane offset curve is formed from an x offset=0 on the bottom plate to an x offset=0 on the top plate using control points (zx 1 , z 1 ) and (zx 2 , z 2 ). The yz-plane offset curve is formed in the same way with zy 1 and zy 2 control points, however reusing z 1 and z 2 to reduce the number of parameters to optimise. Furthermore, an extra gene, r 1 , specifies the degree of rotation whereby the blades of 1-stage are rotated from one end plate to the next through the z-axis to ultimately 0 − 180
• . Thus, a total of 17 genes specify the design of a candidate VAWT. The blade is then duplicated and rotated 180
• to form a 2-bladed design. The entire stage is then duplicated and rotated 90
• to form the second stage of the VAWT; see example design in Fig. 1a . When physical instantiation is required, the design is fabricated by a MakerBot 2 Replicator 3-D printer using a polylactic acid (PLA) bioplastic at 0.3 mm resolution. Fig. 1b shows the VAWT after fabrication. The CGA used herein proceeds with s = 6 species populations, each with P = 20 individuals, a per allele mutation probability, µ = 25% with a mutation step size, σ 1 = 3.6 (mm) for co-ordinates and σ 2 = 18
• for r 1 , and a crossover probability of 0%. A tournament size of 3 takes place for both selection and replacement. A limited form of elitism is used whereby the current fittest member of the population is given immunity from deletion. Each species population is initialised with the example design in Fig. 1a and 19 variants mutated with µ = 100%. The individuals in each species population are initially evaluated in collaboration with the seed individuals in the other species populations. Thereafter, the CGA proceeds by alternating between species after a single offspring is formed and evaluated with the elite members from the other species; see algorithm outline in Algorithm 1. Each VAWT is treated separately by evolution and approximation techniques, i.e., heterogeneous designs could emerge.
Whilst the speed and cost of rapid-prototyping continues to improve, fabricating an evolved design before fitness can be assigned remains an expensive task when potentially thousands of evaluations are required. However, given a sample D of evaluated individuals N , a surrogate model (also known as a meta-model or response surface model) y = f ( x) can be constructed, where x is the genotype and y fitness, in order to compute the fitness of an unseen data point x / ∈ D. The use of surrogate models has been shown to reduce the convergence time in evolutionary computation and multiobjective optimisation; see Jin [36] for a recent review.
For the surrogate-assisted architecture used in this paper [15] , the CGA runs as normal except that each time a parent is chosen, n number of offspring are created and then evaluated with an artificial neural network surrogate model. The single offspring with the highest approximated fitness is then fabricated and evaluated with the real fitness function in collaboration with the elite member in each species and added to that species population and evaluated set. See outline in Algorithm 2. In order to provide sufficient training data for the surrogate model, initially the CGA proceeds for 3 generations before the model is used, i.e., a total of 360 The fitness, f , of each individual is the total angular kinetic energy of the collaborating array,
where the angular kinetic energy (J), KE, of an individual VAWT,
with angular velocity (rad/s), ω = rpm 60 2π, and moment of inertia (kg·m 2 ), I = 1 2 mr 2 with m mass (kg), and r radius (m).
The rotational speed (rpm) is here measured using a digital photo laser tachometer (PCE-DT62; PCE Instruments UK Ltd) by placing a 10 × 2 mm strip of reflecting tape on the outer tip of each VAWT and recording the maximum achieved over the period of ∼ 30 s during the application of wind generated by a propeller fan. Fig. 2 shows the test environment with the 30 W, 3500 rpm, 304.8 mm propeller fan, which generates 4.4 m/s wind velocity, and 6 turbines mounted on rigid metal pins 1 mm in diameter and positioned 42.5 mm adjacently and 30 mm from the propeller fan. That is, there is an end plate separation distance of 0.2 diameters between turbines. The side profile of the test setup can be seen in Fig. 3 . It is important to note that the wind generated by the fan is highly turbulent with non-uniform velocity and direction across the test platform, i.e., each turbine position receives a different amount of wind energy from different predominant directions and wind reflecting from the test frame may cause multi-directional wind flow. Thus, the designs evolved under such conditions will adapt to these exact environmental pressures.
IV. EXPERIMENTAL RESULTS
Each generation consisted of 120 fabrications and array evaluations. After evaluating all individuals in the initial species populations, no mutants were found to produce a greater total KE than the seed array. After 1 evolved CGA generation, the fittest array combination generated a greater total KE of 7.6 mJ compared with the initial seed array, which produced 5.9 mJ. A small increase in total m of 42 g to 44.8 g was also observed. After 2 evolved CGA generations, the fittest array combination generated a total KE of 10 mJ with a further small increase in total m to 45.6 g. The surrogate model was then used for 1 additional generation and produced a total KE of 12.2 mJ with a further increase in m to 49.3 g.
Due to the highly temporal nature of individuals undergoing evaluation needing to partner with the elite members in each of the other species, it is possible that the surrogate model performance may degrade by using the entire data set for training. For example, individuals from the initial population were evaluated with the seed designs and those same individuals may perform very differently when partnered with the elite individuals from later generations. A windowed approach of using only the most recent P evaluated individuals for training seemed promising in a prior experiment coevolving a pair of VAWT, however was not statistically different in practice [15] . In this experiment there are far more species undergoing coevolution and thus the rate of temporal variance is potentially much higher. The SCGA was subsequently rerun for 1 generation starting with the same previous CGA populations, however using only the current species population for model training (SCGA-20T). The fittest SCGA-20T array combination produced a greater total KE of 14.8 mJ with smaller m of 45.9 g than the SCGA using the full evaluated set for training. Furthermore, the SCGA-20T mean KE (M = 12.27, SD = 1.29, N = 120) was significantly greater than the SCGA (M = 10.56, SD = 0.93, N = 120) using a two-tailed Mann-Whitney test (U = 2076, p ≤ 0.001), showing that windowing the model training data was found to be beneficial in this experiment. Fig. 4 shows the total angular KE of the fittest arrays each generation; Fig. 5 shows the total m, and Fig. 6 the total rpm. The cross sections of the fittest array designs can be seen in Figs. 7-11. It is interesting to note the similarity of some of the evolved VAWTs with human engineered designs. Bach [37] performed one of the earliest morphological studies of Savonius VAWT and found increased aerodynamic performance with a blade profile consisting of a 2/3 flattened trailing section and a larger blade overlap to reduce the effect of the central shaft, which is similar to the fourth species design in Figs. 9d and 11d . The evolved VAWT in the second species, e.g., Figs. 9b and 11b, overall appear more rounded and similar to the classic S-shape Savonius design. There appears to be little twist rotation along the z-axis of the evolved designs, which may be a consequence of the initial seeding or due to the test conditions having strong and persistent wind velocity from a single direction; that is, starting torque in low wind conditions is not a component of fitness in these experiments where twisted designs may be more beneficial.
V. CONCLUSIONS
The use of 3-D printing to physically instantiate candidate designs completely avoids the use of 3-D computer simulations with their associated processing costs and modelling assumptions. In this case, 3-D CFD analysis was avoided, but the approach is equally applicable to other real-world optimisation problems; for example, those requiring computational structural dynamics or computational electromagnetics simulations. We anticipate that in the future such 'design mining' approaches will yield unusual yet highly efficient designs that exploit characteristics of the environment and/or materials that are difficult to capture formally or in simulation. This has the potential to place knowledge discovery at the core of engineering design, particularly within an iterative framework such as in agile approaches. Although the print resolution used here to build the prototypes was set at a fixed 0.3 mm, the resolution can be adjusted to provide coarser designs at a faster rate for preliminary studies (e.g., for early evolutionary candidates), or slower higher resolution prints for more subtle optimisation. Further, only PLA plastic was used here to fabricate designs, but other materials such as flexible rubbers or multi-material designs can be constructed and explored by an EA. Thus 3-D printing offers a range of ways to customise the evolutionary instantiation to the design task. Multiple 3-D printers can also easily be used to perform parallel fabrication to speed up the process, e.g., a different printer for each species.
Whilst this paper has provided proof of concept for the design mining of VAWT wind farms, much work remains. Future work will include the use of the power generated as the fitness computation under various wind tunnel conditions; the coevolution of larger arrays, including the turbine positioning, multiple rows of turbines, and co-location with HAWT; the exploration of more advanced assisted learning systems to reduce the number of fabrications required; investigation of increased morphological freedom including alternative representations that can vary the number of blades, for example, supershapes [38] ; and the exploration of different 3-D printing materials, including multi-material turbines. In addition, future avenues of research may include arrays of collaborating variable-speed wind turbines.
The issue of scalability remains an important future area of research. When increasing the scale of designs it is widely known that the changes in dimensionality will greatly affect performance, however it remains to be seen how performance will change in the presence of other significant factors such as turbine wake interactions in the case of arrays. One potential solution is to simply use larger 3-D printing and wind-tunnel capabilities whereby larger designs could be produced by the same method. On the opposite end of the spectrum, microwind turbines that are 2 mm in diameter or smaller can be used to generate power, such as for wireless sensors [39] , and in this case more precise 3-D printers would be required. Moreover, wind turbines can find useful applications on any scale, e.g., a recent feasibility study [40] for powering wireless sensors on cable-stayed bridges examined turbines with a rotor diameter of 138 mm in wind conditions with an average of 4.4 m/s (similar to the artificial wind conditions used in this paper).
If the recent speed and material advances in rapid prototyping continues, along with the current advancement of evolutionary design, it will soon be feasible to perform a widearray of automated complex engineering optimisation in situ, whether on the micro-scale (e.g., drug design), or the macroscale (e.g., wind turbine design). That is, instead of using mass manufactured designs, EAs will be used to identify bespoke solutions that are manufactured to compensate and exploit the specific characteristics of the environment in which they are deployed, e.g., local wind conditions, nearby obstacles, and local acoustic and visual requirements for wind turbines. 
